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Abstract 

Crystallization  kinetics  of  a  barium-calcium  aluminosilicate  glass  (BCAS),  a  sealant  material  for  planar  solid  oxide  fuel  cells  (SOFC), 
have  been  investigated  by  differential  thermal  analysis  (DTA).  From  variation  of  DTA  peak  maximum  temperature  with  heating  rate,  the 
activation  energy  for  glass  crystallization  was  calculated  to  be  259  kj/mol  using  a  kinetic  model.  Development  of  crystalline  phases  on  thermal 
treatments  of  the  glass  at  various  temperatures  has  been  followed  by  powder  X-ray  diffraction.  Microstructure  and  chemical  composition 
of  the  crystalline  phases  were  investigated  by  scanning  electron  microscopy  and  energy  dispersive  spectroscopic  (EDS)  analysis.  BaSiCh 
and  hexacelsian  (BaAFSFOg)  were  the  primary  crystalline  phases  whereas  monoclinic  celsian  (BaAFSFOg)  and  (BaA-CaY)SiC>4  were  also 
detected  as  minor  phases.  Needle-shaped  BaSiC>3  crystals  are  formed  first,  followed  by  the  formation  of  other  phases  at  longer  times  of  heat 
treatments.  The  glass  does  not  fully  crystallize  even  after  long-term  heat  treatments  at  750-900  °C.  Devitrification  of  the  glass  seal  over  a 
long  period  of  time  during  operation  of  the  SOFC  would  generate  thermal  stresses  in  the  seal  and  may  have  adverse  effects  on  its  mechanical 
performance.  This  may  lead  to  cracking  of  the  seal,  resulting  in  mixing  of  the  fuel  and  the  oxidant  gases. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  [1]  are  being  developed 
for  a  broad  range  of  applications  including  portable  elec¬ 
tronic  devices,  automobiles,  power  generation,  aeronautics, 
etc.  The  salient  features  of  SOFC  are  all  solid  construc¬ 
tion  and  high-temperature  electrochemical  reaction  based 
operation,  resulting  in  clean  and  efficient  power  generation 
from  a  variety  of  fuels.  SOFCs  of  two  different  designs, 
tubular  and  planar,  are  currently  under  development.  Pla¬ 
nar  SOFCs  offer  several  advantages  such  as  simple  manu¬ 
facturing  and  relatively  short  current  path  resulting  in  higher 
power  density  and  efficiency.  However,  planar  SOFCs  re¬ 
quire  hermetic  seals  to  separate  and  contain  fuel  and  oxi¬ 
dant  within  the  cell  and  to  bond  cell  components  together. 
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The  requirements  for  SOFC  sealing  materials  are  severe 
since  the  cells  will  operate  at  600-1000  °C  for  thousands 
of  hours,  with  sealing  materials  exposed  to  both  oxidiz¬ 
ing  and  reducing  conditions.  The  seals  must  be  chemi¬ 
cally  and  mechanically  compatible  with  different  oxide  and 
metallic  cell  components  and  should  be  electrically  insu¬ 
lating.  Also,  they  must  survive  cycling  between  room  and 
operational  temperatures.  Various  glass  and  glass-ceramics 
based  on  borates,  phosphates  and  silicates  are  being  exam¬ 
ined  [2-8]  for  SOFC  seals.  Silicate  glasses  are  expected 
to  perform  superior  to  the  borate  and  phosphate  glasses.  A 
barium-calcium  aluminosilicate  (BCAS)  glass  composition 
appears  to  be  quite  promising  [2].  Chemical  compatibility  of 
this  BCAS  glass  with  metallic  interconnects  has  been  inves¬ 
tigated  [9,10]. 

The  main  objective  of  the  present  work  was  to  investi¬ 
gate  the  crystallization  kinetics  of  the  BCAS  glass.  Another 
objective  was  to  study  the  formation  of  crystalline  phase(s) 
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in  the  glass  under  conditions,  which  are  similar  to  those  at 
which  the  solid  oxide  fuel  cell  is  sealed  and  operated. 


2.  Experimental  methods 

A  barium-calcium  aluminosilicate  glass  of  composition 
(mol%)  35BaO-15CaO-5Al2O3-10B2O3-35SiO2  was  ob¬ 
tained  in  the  form  of  powder  and  frit  from  a  commercial 
vendor.  The  glass  powder  had  an  average  particle  size  of 
14.2  pm. 

Crystallization  kinetics  of  the  BCAS  glass  powder  were 
studied  by  differential  thermal  analysis  (DTA)  using  a  Net- 
zsch  STA  409C  system  interfaced  with  a  computerized  data 
acquisition  and  analysis  system.  Glass  samples  were  con¬ 
tained  in  alumina  cups.  DTA  scans  were  recorded  from  room 
temperature  to  1000-1 100  °C  in  flowing  dry  argon  at  vari¬ 
ous  heating  rates  of  2-40°C/min.  Glass  transition  temper¬ 
atures  (7g)  and  crystallization  peak  maximum  temperatures 
(Ip)  were  obtained  from  the  DTA  scans. 

The  development  of  crystalline  phases  in  the  BCAS  glass 
was  investigated  by  isothermal  heat  treatments  of  bulk  and 
powder  samples  in  an  electric  furnace  in  air.  The  sam¬ 
ples  were  heat  treated  for  1-100  h  at  various  temperatures 
from  700  to  1000  °C.  Phases  crystallizing  in  the  heat  treated 
glass  powder  were  identified  from  powder  X-ray  diffraction 
(XRD)  patterns  recorded  at  room  temperature  using  a  step 
scan  procedure  (0.03°/2 9  step,  count  time  0.4  s)  on  a  Philips 
ADP-3600  automated  diffractometer  equipped  with  a  crys¬ 
tal  monochromator  employing  Cu  Ka  radiation.  Microstruc¬ 
tures  of  the  polished  cross-sections  of  heat  treated  bulk  glass 
specimens  were  observed  using  a  JEOL  JSM-840A  scanning 
electron  microscope  (SEM).  Prior  to  analysis,  a  thin  layer 
of  Pt  or  carbon  was  evaporated  onto  the  SEM  specimens  for 
electrical  conductivity.  Qualitative  X-ray  elemental  analysis 
of  various  phases  was  carried  out  using  a  Kevex  Delta  thin 
window  energy  dispersive  spectrometer  (EDS)  and  analyzer. 


3.  Theoretical  background 

The  kinetics  of  phase  transformation,  such  as  crystalliza¬ 
tion  of  a  glass,  at  a  constant  temperature  can  be  described  by 
the  Johnson-Mehl-Avrami  (JMA)  equation  [11,12]: 

-ln(l  —  x)  =  (let)'1  (1) 

where  x  is  the  volume  fraction  of  the  glass  crystallized  af¬ 
ter  time  t,  n  the  dimensionless  Avrami  exponent  which  is 
related  to  the  morphology  of  crystal  growth,  and  k  is  the  re¬ 
action  rate  constant.  The  temperature  dependence  of  k  (at 
least  within  narrow  temperature  ranges)  can  be  expressed  by 
the  Arrhenius  equation: 


where  E  is  the  effective  overall  activation  energy  for  the  trans¬ 
formation  process,  v  an  effective  frequency  factor  which  is  a 
measure  of  the  probability  that  a  molecule  having  energy  E 
participates  in  the  transformation,  R  the  gas  constant,  and  I 
is  the  absolute  reaction  temperature. 

During  a  non-isothermal  DSC  or  DTA  scan,  the  sample 
temperature  changes  linearly  with  time  at  a  rate  6  (=dl/dr): 

I  =  Ti  +  0t  (3) 


where  T\  is  the  initial  temperature.  In  Eq.  (1)  the  right-hand 
side  corresponds  to  growth  in  volume  of  crystal  nuclei.  How¬ 
ever,  for  the  non-isothermal  case  the  rate  constant  changes 
continuously  with  time  due  to  the  changing  temperature,  so 
that  the  JMA  relation  must  be  written  as: 


—  ln(  1  —  x)  = 


(4) 


If  at  each  temperature,  the  deflection  of  the  DSC  or  DTA 
trace  from  its  baseline  is  proportional  to  the  instantaneous 
crystallization  rate  (Borchard  assumption  [13]),  then  the  rate 
of  sample  transformation  is  maximum  at  the  peak  of  the  crys¬ 
tallization  exotherm.  Bansal  et  al.  [14-16]  have  earlier  shown 
that  the  temperature  Ip  of  the  crystallization  peak  changes 
with  heating  rate  9  according  to  the  relation: 


(5) 


Hence  a  plot  of  ln(Ip  /&)  versus  1/Ip  should  be  linear  with 
a  slope  of  E/R  and  an  intercept  | \n(E/R)  —  In  u],  Eq.  (5)  is 
based  on  the  assumption  that  at  the  temperature  correspond¬ 
ing  to  the  maximum  in  the  crystallization  exothermic  peak, 
the  degree  of  crystallization  attains  the  same  specific  value  in¬ 
dependent  of  the  heating  rate.  Earlier  studies  have  shown  that 
the  crystallization  kinetic  parameters  obtained  by  isothermal 
and  non-isothermal  DSC  using  Eq.  (5)  are  in  good  agree¬ 
ment,  particularly  when  both  studies  are  carried  out  in  the 
same  temperature  range. 

Values  of  the  Avrami  parameter  n  can  be  evaluated  from 
the  non-isothermal  data  using  an  expression  derived  by  Pi- 
loyan  et  al.  [17]  which  is  valid  in  the  range  0<x<0.2: 

dln(Ay)  nE 

d(T7 ij  ~~  K  <6) 

where  (Ay)  is  the  vertical  displacement  at  temperature  I  of 
the  DSC  or  DTA  crystallization  exotherm  from  the  baseline. 
The  Avrami  parameter  n  gives  an  indication  of  the  crystal 
growth  mechanism  in  the  glass. 


4.  Experimental  results 

4.1.  Physical  properties  of  glass 


k  =  v  exp 


E 

~RT 


(2) 


Chemical  composition  of  the  BCAS  glass  and  some 
of  its  physical,  thermal  and  mechanical  properties  are 
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Table  1 

Properties  of  BCAS  glass 


Property 

Value 

Composition 

35BaO-15CaO-5Al203- 
10B2O3-35SiO2  (mol%) 
56.4BaO-8.8CaO-5.4Al203 
-7.3B203-22.1Si02  (wt.%) 

Average  particle  size 

14.2  (jim 

Density 

3.88  g/cm3 

Glass  transition  temperature 

619°C 

Dilatometric  softening  point 

682  °C 

Coefficient  of  thermal  expansion 

10.5  x  10~6  °C_1  (RT-500°C); 
11.8  x  lO-^Cr1  (20-800  °C) 

Young’s  modulus 

72GPa 

Microhardness 

5.96  GPa 

Flexure  strength 

50  MPa 

Fracture  toughness 

0.56  MPa  m1/2 

listed  in  Table  1.  The  7g  value  of  619  °C  for  this 
glass  is  below  the  SOFC  operating  temperature.  The 
coefficient  of  thermal  expansion  (CTE)  of  this  glass 
(10.5-11.8  x  10_6oC_1)  is  in  the  same  range  as  the  CTE 
of  other  SOFC  components:  cathode,  anode,  electrolyte  and 
interconnect. 

4.2.  Crystallization  kinetics  by  DTA 

DTA  scans  for  BCAS  glass  were  recorded  at  various  heat¬ 
ing  rates  from  2  to  40  °C/min.  Typical  scans  at  heating  rates 
of  10  and  40°C/min  are  shown  in  Fig.  l(a  and  b),  respec¬ 
tively.  The  first  endothermic  peak  at  ~650-680  °C  is  due  to 
the  glass  transition  and  the  broad  exothermic  peak  is  due 
to  crystallization  of  the  glass.  The  second  endothermic  peak 


Fig.  1.  DTA  thermograms  of  BCAS  glass  powder  at  heating  rate  of  (a) 
10  °C/min  and  (b)  40  °C/min  in  air. 


Table  2 

Effect  of  heating  rate  on  DTA  crystallization  peak  temperatures  (Tp)  of 
BCAS  glass 


Scan  rate  (°C/min) 

Tp  (°C) 

2 

726.9 

5 

749.3 

10 

769.0 

20 

785.7 

30 

814.2 

40 

823.6 

at  ~940-1000°C  is  from  the  melting  of  crystalline  phases 
and/or  residual  glass.  Influence  of  scan  rate  on  crystalliza¬ 
tion  peak  temperature  (7p)  is  given  in  Table  2. 

4.3.  Crystal  phase  development  by  X-ray  diffraction 

The  results  of  crystal  phase  development  in  BCAS 
glass  after  heat  treatments  at  various  temperatures  be¬ 
tween  700  and  1000  °C  for  different  times  are  summa¬ 
rized  in  Table  3.  BaSi03  is  the  first  phase  to  crystallize 
out  in  this  glass.  This  is  followed  by  the  formation  of  hex- 
acelsian  BaA^SEOs-  The  BaSiOs  and  hexacelsian  were 
the  primary  crystalline  phases  whereas  monoclinic  celsian 
(BaA^SEOs)  and  (BaACay)Si04  were  also  detected  as  mi¬ 
nor  phases.  Needle-shaped  BaSiC>3  crystals  are  formed  first 
followed  by  the  formation  of  other  phases  at  longer  times 
of  heat  treatments.  Crystallization  occurred  most  rapidly  at 
800  °C.  After  1000  °C  heat  treatment,  all  samples  were  totally 
amorphous. 

4.4.  Microstructure 

Fig.  2  shows  the  SEM  micrographs  at  various  magnifi¬ 
cations  taken  from  a  glass  specimen  heat  treated  for  5  h  at 
800  °C.  Backscatter  SEM  micrographs  taken  from  polished 
cross-sections  of  glass  specimens  heat  treated  at  800  °C  for 
different  times  are  shown  in  Fig.  3.  Barium  silicate  is  first 
seen  as  white  long  elongated  crystals  growing  in  the  amor¬ 
phous  material  in  the  sample  heated  for  1  h.  After  5  h,  hex¬ 
acelsian  becomes  visible  as  darker  needle  shaped  crystals  in 
the  amorphous  material.  The  dark  round  regions  are  alumina. 
Gray  smooth  areas  are  the  residual  amorphous  glass  phase 
consisting  of  barium-calcium  aluminosilicate.  The  chemical 
compositions  of  various  phases  were  confirmed  using  EDS 
analysis.  The  micrographs  of  samples  heat  treated  for  10  and 
40  h  show  the  crystals  of  various  phases  growing  and  im¬ 
pinging  on  each  other.  SEM  micrographs  of  glass  samples 
heat  treated  for  100  h  at  750,  800  and  850  °C  are  presented 
in  Figs.  4-6,  respectively. 

SEM  micrograph  and  X-ray  dot  maps  of  various  elements 
from  the  polished  cross-section  of  BCAS  glass  heat  treated 
at  800  °C  for  1  h  are  shown  in  Fig.  7.  A  number  of  phases  are 
present.  Bright  elongated  dendrite  shaped  crystals  consist  of 
BaSiC>3.  The  dark  region  in  the  middle  is  identified  as  AI2O3. 
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Table  3 

Crystalline  phase  development  in  BCAS  glass  on  heat  treatments 

Heat  treatment  Crystalline  phases  detected  from  X-ray  diffraction 

Temperature  (°C)  Time  (h)  Amorphous  BaSiC>3  Hexacelsian  Celsian  (Bai.5Cao.5)Si04  (Bai.3iCao.69)Si04 


700 

20 

X 

50 

X 

X 

750 

3 

X 

5 

X 

X 

10 

X 

X 

100 

X 

X 

X 

800 

1 

X 

X 

5 

X 

X 

X 

18 

X 

X 

X 

50 

X 

X 

X 

100 

X 

X 

X 

850 

21 

X 

X 

X 

100 

X 

X 

900 

10 

X 

X 

X 

100 

X 

X 

X 

1000 

10 

X 

50 

X 

Fig.  2.  SEM  backscatter  micrographs  of  polished  cross-sections  of  BCAS  bulk  glass  heat  treated  at  800  °C  for  5  h. 
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Fig.  3.  SEM  backscatter  micrographs  of  polished  cross-sections  of  BCAS  bulk  glass  heat  treated  at  800  °C  for  various  times. 


Fig.  4.  SEM  backscatter  micrographs  of  polished  cross-section  of  BCAS  bulk  glass  heat  treated  at  750  °C  for  100  h. 
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Fig.  7.  SEM  micrograph  and  X-ray  dot  maps  of  various  elements  from  polished  cross-section  of  BCAS  bulk  glass  heat  treated  at  800  °C  for  1  h. 


5.  Discussion 

The  crystallization  peak  maximum  temperature  is  seen  to 
increase  with  increase  in  heating  rate  (Table  2).  The  crys¬ 
tallization  peak  maximum  in  the  DTA  or  DSC  scans  corre¬ 
sponds  to  the  temperature  at  which  the  rate  of  transformation 
of  the  viscous  liquid  into  crystals  becomes  maximum.  When 
the  crystalline  phase  has  the  same  composition  as  the  liq¬ 
uid,  the  transformation  rate  will  depend  on  the  density  of 
crystallization  sites.  However,  when  the  composition  of  the 
crystalline  phase  is  different  from  that  of  the  liquid,  as  in  the 
present  case,  the  rate  of  transformation  will  be  controlled  by 
the  rate  of  diffusion  through  the  viscous  liquid  and  the  num¬ 
ber  of  crystallization  sites  to  which  diffusion  can  occur.  If  the 
number  of  nucleation  sites  is  increased,  e.g.,  by  using  slower 
heating  rates,  the  peak  maximum  will  occur  at  a  temperature 
at  which  the  melt  viscosity  is  higher,  i.e.,  at  a  lower  temper¬ 
ature.  This  explains  the  increase  in  Tp  with  the  heating  rate 
(Table  2)  observed  in  the  present  study. 

Plot  of  ln(  /O)  versus  1  /7  p  for  crystallization  of  the  glass 
is  shown  in  Fig.  8 .  A  linear  plot  indicates  validity  of  the  kinetic 
model  of  Bansal  et  al.  [14-16]  and  validity  of  the  assump¬ 
tions  made  in  this  model.  Values  of  kinetic  parameters  E  and 
v  obtained  from  linear  least  squares  fitting  of  the  experimen¬ 
tal  data  are  listed  in  Table  4.  The  crystallization  activation 
energy  of  259kI/mol  for  BCAS  glass  is  much  lower  than 
473-560  kJ/mol,  reported  earlier  for  barium  aluminosilicate 
(BAS)  and  strontium  aluminosilicate  (SAS)  glasses  [18,19] 
as  well  as  420  kJ/mol  for  magnesium  alumino-borosilicate 
(MABS)  glass  [20].  The  large  difference  in  activation  energy 


Fig.  8.  Plots  of  ln(rp2/e)  vs.  reciprocal  of  crystallization  peak  temperature 
for  BCAS  glass  powder. 

may  be  due  to  the  different  first  formed  crystalline  phases 
in  various  glasses.  The  BaSiOg  crystalline  phase  is  formed 
first  in  BCAS  glass  whereas  it  was  BaA^SioOg  in  BAS, 
SrAHSFOs  in  SAS  and  MgSiOg  in  MABS  glasses.  The  acti¬ 
vation  energy  of  259  kJ/mol  in  the  present  study  is  probably 
for  the  growth  of  BaSiOa  crystals.  The  Piloyan  plot  of  ln(  Ay) 


Table  4 

Crystallization  kinetic  parameters  for  BCAS  glass  determined  by  DTA 


Parameter 

Value 

Activation  energy,  E  (kJ/mol) 

259 

Frequency  factor,  v  (s-1) 

2.6  x  1012 

Avrami  parameter  ( n ) 

2.6 
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Fig.  9.  Piloyan  plot  for  the  crystallization  of  BCAS  glass  powder  for  DTA 
thermogram  recorded  at  a  heating  rate  of  20  K/min. 

versus  1  IT  for  crystallization  of  BCAS  glass  (Fig.  9)  is  lin¬ 
ear.  Deviations  were  observed  at  higher  temperatures,  as  the 
Piloyan’s  equation  is  valid  only  in  the  range  0<x<0.2.  The 
value  of  n  obtained  from  least  squares  fitting  of  linear  part 
of  the  data  to  Eq.  (6)  was  2.6.  The  value  of  n  depends  on 
the  mechanism  of  the  transformation  reaction.  Possible  val¬ 
ues  of  n  for  various  mechanisms  based  on  zero  or  constant 
nucleation  rate  are  given  in  Table  5.  If  the  rate  of  nucleation 
is  a  function  of  time,  so  is  n;  n  is  higher  for  a  constant  nu¬ 
cleation  rate  than  when  the  nucleation  rate  increases  with 
time  and  lies  between  those  for  constant  and  zero  nucleation 
rates  when  the  nucleation  rate  decreases  with  time.  The  n 
value  of  2.6  in  the  present  study  probably  corresponds  to 
the  two-dimensional  growth  of  BaSiC>3  as  XRD  results  in¬ 
dicated  that  this  phase  is  formed  first  on  heat  treatment  of 
BCAS  glass.  This  is  further  supported  by  the  SEM  micro¬ 
graphs  in  Figs.  2-4,  which  show  two-dimensional  growth  of 
needle-shaped  crystals  of  BaSiC>3  on  heat  treatment  of  the 
glass. 

The  BaSiC>3  phase  crystallizes  most  readily  in  BCAS 
glass.  On  further  heat  treatment,  hexagonal  and  mono¬ 
clinic  BaAFS^Os  and  various  barium-calcium  silicates 
((BaACav)Si04)  phases  are  also  formed.  Rate  of  crystalliza¬ 
tion  depends  on  the  heat  treatment  temperature.  CTE  of  the 
devitrified  glass  after  long-term  treatments  at  the  operating 


Table  5 

Possible  values  of  n  for  various  mechanisms  [16,17] 


Constant  nucleation  rate 

Growth  of  constant  number  of  nuclei 
(zero  nucleation  rate) 

Reaction 

mechanism 

n 

Reaction 

mechanism 

n 

One-dimensional 

growth 

2 

One-dimensional 

growth 

i 

Two-dimensional 

growth 

3 

Two-dimensional 

growth 

2 

Three-dimensional 

growth 

4 

Three- 

dimensional 

growth 

3 

temperature  of  SOFC,  not  just  that  of  the  original  glass, 
should  match  the  CTE  of  other  SOFC  components  (elec¬ 
trolyte,  cathode,  anode  and  interconnect)  to  minimize  thermal 
stresses. 


6.  Summary 

Crystallization  kinetics  of  BCAS  glass  have  been  studied 
by  DTA.  Crystallization  activation  energy  was  determined 
to  be  259  kJ/mol.  Development  of  crystalline  phases  in  the 
glass,  after  isothermal  heat  treatments  at  various  temperatures 
for  different  times,  has  been  investigated  by  X-ray  diffrac¬ 
tion  and  microstructural  characterization.  On  heat  treatment 
at  700  °C,  BaSi03  crystallizes  first  from  the  glass.  This  is 
followed  by  the  formation  of  hexagonal  and  monoclinic 
BaA^SFOs  and  barium-calcium  silicate  ((BavCav)Si04) 
phases  when  treated  at  higher  temperatures  and/or  longer 
times.  After  1000  °C  heat  treatment,  the  samples  were  totally 
amorphous. 

7.  Conclusions 

Properties  of  the  barium-calcium  aluminosilicate  glass  of 
this  study  are  compatible  with  those  of  the  solid  oxide  fuel 
cell  components.  This  glass  does  not  fully  crystallize  even 
after  long-term  heat  treatments  at  750-900  °C,  the  operating 
temperature  for  SOFC.  Devitrification  of  the  glass  seal  over  a 
long  period  of  time  during  operation  of  the  SOFC  would  gen¬ 
erate  thermal  stresses  in  the  seal  and  may  have  adverse  effects 
on  its  mechanical  performance.  This  may  lead  to  cracking  of 
the  seal,  resulting  in  mixing  of  the  fuel  and  the  oxidant  gases. 
CTE  of  the  devitrified  glass  after  long-term  treatments  at  the 
operating  temperature  of  SOFC,  not  just  that  of  the  origi¬ 
nal  glass,  should  match  the  CTE  of  other  SOFC  components 
(electrolyte,  cathode,  anode  and  interconnect)  to  minimize 
thermal  stresses. 
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